role of the various subunits in channel functioning and assembly appears to be an absolute prerequisite to the understanding of VDCC physiology. The function of the auxiliary subunits seems particularly interesting, as they greatly affect channel properties. These modificaDelphine Bichet,* Vé ronique Cornet,* Sandrine Geib,* Edmond Carlier,* Stephen Volsen, † 
(data not shown). We next investigated the effect of ␣ 1 and ␤ subunits as a result of their association (Gao these Ca 2ϩ channel tags on the properties of the Sh et al., 1999). These effects are intriguing because of K ϩ channel by expressing these chimera channels in several apparent inconsistencies: first, most ␤ subunits Xenopus oocytes. As ␤ subunits have pronounced efare reported to have cytoplasmic distributions, and secfects on VDCC expression, we expected that the addiond, all appear to lack the appropriate molecular infortion of the ␤ 3 sequence on Sh may contribute by an mation for a trafficking function.
unknown mechanism to an enhancement of the plasma The issue of ␤-induced stimulation is inherently commembrane expression of this channel, as well. In fact, plex because it implicates a combination of effects on we found that the Sh current density was not modified functioning and trafficking. As a consequence, this comby tagging the K ϩ channel with the ␤ 3 subunit (Figure plexity requires a thorough dissection of the mecha-1C). Since one possible reason for this lack of effect nisms at stake. In this paper, we have tested the imporcould be due to a general perturbation of ␤ conformatance of the ␤ subunit in the control of Ca 2ϩ channel tion, we tested whether BID, an important molecular trafficking toward the plasma membrane. We demondeterminant for Ca 2ϩ current stimulation (De Waard et strate that the I-II loop acts as an expression brake by al., 1994), remained active in the Sh-␤ 3 chimera. We favoring the retention of the ␣ 1 subunit in the endoplasfound that in vitro translated [
S]-Sh-␤ 3 was still able to mic reticulum (ER) and that the ␤ subunit antagonizes bind specifically to 1 M GST-AID A but not to glutathione this retention. S-transferase (GST) alone (data not shown). Also, [

S]-Sh does not bind to GST-AID A , as expected by the lack
Results
of an identifiable BID sequence in K ϩ channels. These results suggest that BID remains functional in the ShThe Cytoplasmic I-II Loop of ␣ 1 Channels Acts ␤ 3 chimera and that tagging a Ca 2ϩ channel ␤ subunit as an Expression Brake onto an unrelated protein is not per se a sufficient condiSeveral molecular determinants required for an efficient tion for observing an increase in its plasma membrane expression level of Ca 2ϩ channels have already been expression. Unexpectedly, however, we repeatedly found mapped in both ␣ 1 and ␤ subunits. Two sites were identithat tagging the Sh channel with the I-II A loop (amino fied: AID, located in the I-II loop of ␣ 1 subunit, and BID, acids 364 to 430 of BI-2; Mori et al., 1991) produces a a 30 residue sequence that is within the ␤ subunit and significant decrease in the average current density of directly interacts with AID (De Waard et al., 1994; Pragthe channels expressed in Xenopus oocytes (Figure nell et al., 1994) . Though the mapping of these sites was 1C). In this oocyte batch, average current densities were clearly an essential step in the understanding of channel 19.3 Ϯ 7.3 (Sh, n ϭ 10), 2.9 Ϯ 2.2 (Sh-I-II A , n ϭ 7), structure, it did not provide enough insights into the and 15.0 Ϯ 2.7 A/F (Sh-␤ 3 , n ϭ 5) at 60 mV. This molecular mechanisms of subunit regulation. The major corresponds to an average decrease in current density unanswered question remaining concerns the impact of of 6.7 Ϯ 2.9-fold at 60 mV for Sh-I-II A . Similar reductions ␤ binding to AID on channel function and structure. To in current densities were observed in three other analyze the role of the ␤ subunit in current stimulation, batches of oocytes injected with Sh-I-II A cRNA (4.5 Ϯ we isolated various Ca 2ϩ channel structures by incorpo-5.3, 4.5 Ϯ 2.8, and 11.4 Ϯ 8.8). This effect is not restricted rating them into unrelated proteins. We focused on the to the I-II loop of the ␣ 1A subunit, as a similar reduction ␤ subunit, as it is an essential component of channel in K ϩ current density (33.5 Ϯ 5.3-fold, n ϭ 13) is seen expression, and on the I-II loop of the ␣ 1 subunit, as it with another chimera Sh channel tagged with the I-II is required for the observed ␤ regulation. This procedure loop of the ␣ 1C subunit (amino acids 437 to 503 of ␣ 1C ) had the double advantage of bypassing conformational instead of ␣ 1A (data not shown). Coexpressing the I-II A modifications in channel structure elsewhere during loop as a separate molecular entity with Sh, Kv1.1, or AID-BID association and of avoiding the functional imskeletal muscle voltage-dependent Na ϩ channels had pact of secondary ␣ 1 -␤ interaction sites (Walker and De no effect on their current densities (data not shown), Waard, 1998).
demonstrating that the I-II loop does not decrease the As electrophysiological recordings represent one conexpression levels of proteins to which it is not directly venient way to analyze the protein expression level at coupled. The current amplitude reduction observed with the plasma membrane, we decided to tag the carboxyl Sh-I-II A channels is evident on a wide range of potentials terminus of Shaker (Sh) K ϩ channels with either the I-II without modification of the general shape of the currentloop of ␣ 1A subunit (Sh-I-II A ) or with the entire ␤ 3 subunit voltage (I-V) relationship ( Figure 1C ). This was, however, (Sh-␤ 3 ) ( Figure 1A) . The carboxyl terminus of the Sh not the case for Sh-␤ 3 , as tagging the ␤ 3 subunit apchannel was chosen as an appropriate tagging location, peared to slightly alter the shape of the I-V curve. One as it was expected to have a minimal impact on channel possible reason for this effect is that the size of the tag influences the direct molecular environment of the K ϩ inactivation, contrary to the amino terminus, which is in Sh-I-II A is not only functionally inhibitory but is also able to bind the Ca 2ϩ channel ␤ 3 subunit. As Ca 2ϩ channel ␤ subunits are classically viewed as expression "helpers" for VDCC, we analyzed the effect We next investigated the effects of ␤ 3 on Sh-I-II A cell surface expression. We found that, consistent with its of ␤ subunit coexpression on the level of current expressed by Sh-I-II A channels (Figure 2) . stimulatory function in VDCC, the coexpression of ␤ 3 with Sh-I-II A considerably increases the K ϩ current denWe first determined whether ␤ 3 is able to interact directly with the chimeric Sh-I-II A channel in a cell expressities in Xenopus oocytes ( Figure 2B ). Average current densities at 60 mV were increased more than 8-fold, sion system. The Sh-I-II A channel and the ␤ 3 subunit were transfected either alone or in combination in COS7 suggesting again that the reduced membrane expression of CD8-I-II A -Myc was not due to an inhibition of with the lack of a ␤ interaction site in Sh channels, protein synthesis (data not shown). Similar to the Sh-Icoexpression of ␤ 3 was without effect on the current II A chimera, coexpressing CD8-I-II A -Myc with ␤ 3 resulted amplitude of Sh (average current density of 47.3 Ϯ 3.3 in a significant upheaval of the membrane expression A/F [n ϭ 6] at 60 mV). These results suggest that the of the chimeric protein, whereas ␤ 3 had no effect on the ␤-induced reversal of the Sh-I-II A surface expression membrane expression level of either CD8-Myc or CD8-requires ␤ binding onto the I-II sequence of the chimeric II-III C -Myc ( Figure 3C ). We found that 14% of the cells K ϩ channel.
had a detectable surface expression of CD8-I-II A -Myc As expression of Sh-I-II A channels resulted in diminin the presence of ␤ 3 , which corrected for a transfection ished K ϩ current density, the most likely mechanism of efficiency of 23.8%, and a cotransfection ratio CD8-Iaction of the I-II loop is that it decreases the membrane II A -Myc/␤ 3 of 64.3% results in a cell surface expression expression of the chimeric channel. Conversely, as efficiency of 91%. This suggests that ␤ 3 induces a 40-coexpression of ␤ 3 increases the current density of Sh-I-II A channels, we assumed that this effect was mediated fold higher surface expression efficiency for CD8-I-II A , This hypothesis turns out to be very unlikely, however, munoprecipitation experiments (data not shown). Also, we found that ␤ 3 had no effect on the total cell expression since we find that ␤ 3 has a mostly cytoplasmic localization when expressed alone ( anti-␤ 3 antibodies reveals an association between ␤ 3 the retention sequence in the I-II loop, the current densities expressed by BI-2 ⌬2 were not significantly higher and CD8-I-II A -Myc. The level of this interaction was not than those of BI-2 in this injection set (average current increased by a 30 min pulse. These data strongly sugdensity of 1.8 Ϯ 0.4 A/F, n ϭ 9). However, it has gest that the association of ␤ 3 with CD8-I-II A -Myc occurs been hypothesized that oocytes contain small amounts early in the biosynthesis pathway, presumably at the ER of an endogenous ␤ 3 -like subunit that may be responsilevel. Our immunofluorescence data illustrating that the ble for the weak current densities detected when excomplex CD8-I-II A -Myc/␤ 3 is close to the plasma mempressing exogenous ␣ 1 subunits alone ( Figure 6A ). The first construct that was expression of the channel. Interestingly, the I-II A loop made, BI-2 ⌬1 (⌬372-456), lacked most of the sequence had no effect on the current density of BI-2 ⌬2 channels that we tagged in the Sh-I-II A chimera (amino acids 364 (2.24 Ϯ 0.39 A/F, n ϭ 10), a result that was expected to 430). Unfortunately, we found that both BI-2 ⌬1 and since ␤ 3 has no effect, and the channel lacks the well-BI-2 ⌬3 were nonfunctional when expressed alone or defined residues for ␤ binding ( Figure 6C ). These results with ␤ 3 subunit in oocytes ( Figure 6C ). The lack of effect suggest that BI-2 ⌬2, contrary to BI-2, was able to reach of ␤ 3 is consistent with the complete deletion of the AID the plasma membrane in the absence of any functional sequence in these constructs. Average current densities ␤ subunit interaction, presumably because of a weaker for these constructs were 0.04 Ϯ 0.03 A/F (without retention of the channel at the ER. The level of BI-2 ⌬2 ␤ 3 , n ϭ 5) and 0.02 Ϯ 0.02 A/F (with ␤ 3 , n ϭ 3) at 20 channel expression was not comparable to the level mV for BI-2 ⌬1, whereas they were 0.12 Ϯ 0.02 A/F reached by BI-2/␤ 3 -expressing oocytes (7.88 Ϯ 1.42 A/ (without ␤ 3 , n ϭ 6) and 0.11 Ϯ 0.05 A/F (with ␤ 3 , n ϭ 3) F, n ϭ 11), possibly because of residual retention. Howfor the BI-2 ⌬3 channel. In contrast, there was a marked ever, these data may also suggest that, besides retenchannel activity in cells expressing BI-2 ⌬2 alone, with tion by the I-II loop and inhibition of retention by the an average current density of 1.86 Ϯ 0.22 A/F (n ϭ 12) ␤ subunit, additional and nonconflicting ␤-modulated (Figures 6B and 6C) . Also, consistent with the deletion of mechanisms come into play in the increase in current the three critical ␤-binding residues of AID (Y392, W395, density. Various possibilities include (1) an increased and I396), BI-2 ⌬2 currents were not enhanced by ␤ 3 half-life for channels permanently associated with ␤ subsubunit coexpression (average current density of 1.99 Ϯ units, (2) a faster rate of plasma membrane incorporation 0.24 A/F, n ϭ 12). Interestingly, we found that BI-2 by ␤ subunits or, (3) as shown by many investigators, ⌬2 channels inactivate more rapidly than BI-2 channels, an increased channel opening probability in the preswhich is consistent with a role of the I-II loop in inactivaence of ␤ subunits. tion. At 20 mV, BI-2 ⌬2 channels inactivated along two components with time constants of 1 ϭ 17.2 Ϯ 5.7 ms Discussion (54.7% Ϯ 7.5% of total current, n ϭ 11, SD) and 2 ϭ 123 Ϯ 30 ms (45.3% Ϯ 7.6% of current) compared with Contribution of ␤ Subunits to Cell Trafficking 1 ϭ 21.3 Ϯ 6.4 ms (27% Ϯ 7% of total current, n ϭ 9, of Voltage-Dependent Ca 2؉ Channels SD) and 2 ϭ 226 Ϯ 48 ms (73 Ϯ 7% of current) for BI-2
There have been numerous publications illustrating that ␤ subunits increase voltage-gated Ca 2ϩ channel current channels. In spite of the removal of a large portion of known to bind to the ␤ subunit and that contribute to At this stage, we speculate that the sequence of the the increase in current density. For instance, the I-II Ca 2ϩ channel I-II loop binds to an ER chaperone protein loop of the ␣ 1 subunit contains such a site, one that is whose normal function is to retain incompletely assemresponsible for anchoring the ␤ subunit in the channel bled multisubunit receptors in the ER (Figure 7) . ER complex. This region is also under severe regulatory retention proteins appear to participate in a "quality constraint and, besides binding ␤ subunit, it controls control" function at the ER level by retaining unassemchannel inactivation (Zhang et al., 1994) ). An analysis of the interaction points need to be uncovered to explain sevsequence of the I-II A loop reveals that it contains five eral other regulatory properties of ␤ subunits (Walker diarginine and two dilysine motifs, none being present in and De Waard, 1998). Another difficulty when working the AID sequence. Dilysine motifs are normally localized with the full-length ␣ 1 subunit is that multiple attachment toward the carboxy-terminal end of proteins, whereas points of ␤ onto ␣ 1 may retain the channel in a new diarginine motifs have been found close to the aminoconformation, which could impact both the function and terminal end. These signals ensure the ER localization the trafficking of the channel. Therefore, the major diffiof these proteins by continuous retrieval from post-ER culty in distinguishing between a role of ␤ subunit in compartments. Their contribution in the ER retention of channel conformation and cell trafficking lies within the the I-II loop is, however, unlikely since none of these Ca 2ϩ channel structure itself, i.e., the localization of the motifs are located at either the amino or carboxyl termivarious ␣ 1 -␤ interaction sites and their impact on channus of the protein, and out of these seven motifs, only nel structure, gating, and cell processing.
two are also present in ␣ 1C sequence. Recently, a novel We were able to circumvent these problems by inte-RXR ER retention/retrieval sequence was identified in grating several molecular determinants that were potenthe ␣ (Kir6.1/2) and ␤ (SUR1) subunits of ATP-sensitive tially responsible for the control of trafficking channels K ϩ channels that is required at multiple stages of correct outside their molecular context (the ␣ 1 subunit), into channel assembly and surface expression (Zerangue et appropriate chimeras, thereby bypassing a conformational impact of the ␤ subunit on Ca 2ϩ channel structure al., 1999). Importantly, this sequence does not require and functioning. This approach was successful since the proximity to either the amino or carboxyl terminus, and stimulatory impact of ␤ subunit on channel expression it can function in a cytoplasmic loop. We found two such in the plasma membrane could be reconstituted and sequences in the I-II A loop, one ( ; Dolphin, 1998). As ␤ subunits were absent the ER, as chimera proteins containing the I-II sequence from the expression systems used, at least in COS7 localize to this compartment. Such a conclusion further cells, they are not likely to contribute to the retention unravels the importance of using the gain-of-function process itself. Also, we can probably rule out a contribuapproach that is provided with the CD8 and Sh chimeric tion of the G␤␥ complex in retention, as we found that proteins, as both molecules normally reach the plasma tagging the I-II loop of ␣ 1C , known for not binding G␤␥, membrane in the absence of the I-II tag, which may not is also able to produce intracellular retention of Sh necessarily be the case for the Ca 2ϩ channel ␣ 1 subunit itself. chimera. . Similarly, we found that the ␤ subunit plays an essential role as a chaperone protein in the both the CD8-I-II A protein and the ␤ 3 subunit underwent a considerable cell redistribution toward the plasma expression of voltage-dependent Ca 2ϩ channels and represents the rate-limiting step in de novo biosynthesis membrane. The most impressive redistribution concerns the ␤ 3 subunit, whose entire pool was almost exof these structures. We discuss several mechanisms that can be considered for ␤ subunits in disrupting the clusively present under the cell surface. A similar observation was made by the coexpression of various ␤ ER retention signal after assembly: (1) during ␣ 1 -␤ assembly, the ER retention signal in ␣ 1 is masked sterically subunits with the full-length ␣ 1C channel by Gao and collaborators (1999). Interestingly, pulse-chase experiby ␤, (2) the ER retention signal specifically interacts with an antisignal present in ␤ and is made nonfunctional, (3) ments demonstrate that the association of ␤ 3 to CD8-I-II A -Myc occurs very rapidly after synthesis, most likely a dominant export signal in ␤ causes transport of ␣ 1 -␤ complexes independently from the presence of a retenat the ER level, which is consistent with the almost exclusive ER localization of this chimeric protein ( Figure 3C) . tion signal in ␣ 1 , or (4) a combination of these various possibilities. Importantly, the absence of ␤ 3 subunit localization at the ER level in CD8-I-II A /␤ 3 coexpression experiments There is obviously evidence in favor of the two first possibilities, as we found that a deletion in the I-II loop, suggests that the binding of ␤ 3 onto the I-II sequence triggers a rapid departure of the CD8-I-II A /␤ 3 complex including AID, the sequence required for ␤ binding, favors a higher surface expression level of the ␣ 1 subunit. from this cell compartment. Further analyses will be required to examine the effect of the ␤ subunit on the In terms of molecular mechanisms implicated, it is possible that the ␤ subunit acts as a direct competitor by residency time of ␣ 1 in the ER. Overall, these experiments demonstrate that the ␤ subunit facilitates the occupying the critical residues of the I-II loop required for ␣ 1 subunit retention. In this scenario, the residues plasma membrane incorporation of these chimeric proteins by actively removing an inhibitory clamp contained implicated in ER retention are expected to be strictly identical to those required for ␤ binding. Alternatively, in the I-II loop. By extension, we conclude that the disruption of an ER retention signal during channel assemthe ␤ subunit may act as an allosteric competitor that triggers a remote conformational switch elsewhere in bly represents one mechanism whereby the ␤ subunit acts to increase VDCC expression (Figure 7) . In future the I-II loop. This change in conformation would in turn be sufficient for releasing the molecular complex from experiments, it will also be of interest to determine the regulatory contribution of the G␤␥ complex in VDCC the ER and for favoring its cell trafficking toward the plasma membrane. The implication of this second possiretention. Also, because G␤␥ and ␤ subunits have an antagonistic relationship in functional modulation (Dolbility is that at least some of the I-II sequence responsible for ER retention is different from that required for ␤ phin, 1998), it may be that G␤␥ affects the ␤ subunit inhibitory ER retention potency by direct competition.
binding. It would also provide significant opportunities for additional regulation mechanisms to take place, as Obviously, much remains to be gained by more precisely defining the I-II residues implicated in ER retention and the I-II loop is also a target for G protein binding and PKC regulation. the mechanism whereby the ␤ subunit inhibits retention.
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The third possibility, that ␤ subunit contains a domiFirst, one can envisage the existence of several ␤-dependent ER retention signals located in various donant export signal, would at first glance appear to be unlikely since we found that ␤ 3 has a cytosolic distribumains within the ␣ 1 subunit. Since the ␤ dependency is required to explain the ␤-induced increase in channel tion and, contrary to certain isoforms of ␤ 2 that are palmitoylated on their amino terminus (Chien et al., 1995) , does expression and because the ␤ subunit is entirely cytoplasmic, these other ER retention signals may bind the not locate itself to the plasma membrane. Also, it was found that this unique property of ␤ 2 to localize to the ␤ subunit and be located in ␤-accessible cytoplasmic ␣ 1 sequences. This possibility is in agreement with the plasma membrane, even when expressed in the absence of the ␣ 1 subunit, is not required to target the ␣ 1 notion that there are other ␣ 1 -␤ interaction sites identified (Walker et al., , 1999 and several others to to the plasma membrane (Brice et al., 1997; Gao et  al., 1999) . Finally, we found that the surface expression map (Walker and De Waard, 1998). It will be interesting to determine if these other points of interaction also levels of Sh channels tagged with the ␤ 3 subunit were not increased in spite of the functionality of the BID are molecular determinants in the control of channel trafficking toward the plasma membrane. Additional insequence. However, it should be noted that, in spite of its cytosolic distribution, a significant fraction of the ␤ 3 teraction sites could be helpful in precisely distributing the various VDCC along the cell surface (soma, densubunit is associated with intracellular membrane systems, as suggested by metabolic labeling and subcelludrites, and axons). Second, it is possible that, in addition to relieving the lar fractionation experiments (see also Chien et al., 1995; Brice et al., 1997; data not shown). Therefore, an addi-I-II retention signal, binding of ␤ to ␣ 1 is required for the proper channel conformation, allowing it to pass the tional contribution of this subunit in the cell trafficking of VDCC besides the inhibition of ER retention should "quality check" imposed by the ER. This operation could be realized by a subtle conformational modification in not be ruled out, as we will discuss later. channel structure. Once ␤ has bound to AID, it binds to other secondary sites on ␣ 1 , imposing a conformational Additional Molecular Determinants Regulating constraint on ␣ 1 that allows it to pass the ER. Note that VDCC Expression Level this molecular constraint may also be responsible for To study the role of ER retention in the cell trafficking of changes in the gating patterns that were reported for ␤ ␣ 1 subunits, we attempted to delete most of the retention subunits ( This may seem unlikely because of the predominantly is possible that regulation and binding of these proteins cytoplasmic localization of the ␤ 3 subunit used in our studare both required for normal channel processing and ies. However, even the ␤ 3 subunit appears to be membrane activity. Alternatively, it is also possible that the lack of associated to some extent, and it is possible that this retention produces misfolded proteins that are desubunit changes conformation upon binding to the I-II graded. In spite of these difficulties inherent to the Ca 2ϩ sequence. If this is the case, then the ␤ subunit has a channel structure itself, we were able to detect some double competence, first by relieving the ER retention facilitated expression in the absence of a ␤ subunit for imposed by the I-II loop on ␣ 1 subunit and second by a milder deletion channel (BI-2 ⌬2). These data suggest transporting the ␣ 1 to the plasma membrane after anchorthat part of the increase in channel expression by ␤ ing itself to this subunit. Further extensive experiments subunit is due to an antagonizing role of ␤ subunit in would be required to test this hypothesis. channel retention at the ER level.
Finally, part of the increase in current density occurs Our findings also suggest that a major deletion of the via functional modulation of the channel and is outside retention signal in the I-II loop of ␣ 1A does not produce the scope of this study. Other viable possibilities include a current density that is equivalent to that of ␣ 1A ␤ 3 cells.
an increase in the length of the half-life of the ␣ 1 subunit. One possibility is that there is residual retention left in the I-II loop and that this approach cannot be pursued much further because excessive deletion produces lack Conclusion The oligomerization of ion channel subunits is a particularly of functionality or misfolding of the channel. However, it is also possible that other mechanisms govern the complex assembly event because subunit composition, stoichiometry, and relative position are all critical to normal increase in current density by ␤ subunits besides the inhibition of retention. We briefly discuss several future function. There is considerable advantage that this process occurs within the ER. First, there are kinetic reasons research avenues. 
